Separation of isotopes of barium has been accomplished by laser deflection of a single isotopic component of an atomic beam. With a tunable narrow linewidth dye laser, small differences in absorption frequency of different barium isotopes on the 6s 2 1S o-6s6p 1P 1 5536 A_ resonance were exploited to deflect atoms of a single isotopic component of an atomic beam through an angle large enough to physically separate them from the atomic beam. It is shown that the principal limitation on separation efficiency, the fraction of the desired isotopic component which can be separated, is determined by the branching ratio from the excited state into metastable states. In barium, repeated absorptions and emissions on the 5536 A transition eventually result in decay from the 6s6p 1p~ state to the metastable 6s5d 1Dz state. This was observed to occur for all but 3% of the ~3SBa atoms. As a result, the efficiency of separation was about 0.7 for the 8 mrad atomic beam divergence employed. (Throughput was nearly 1 mg/day. No attempt was made to maximize this value.) The isotopic purity of the separated atoms was measured to be in excess of 0.9, limited only by instrumental uncertainty. The effects of near resonant atomic scattering and excitation exchange on isotopic purity are considered.
Photodeflection Isotope Separation
The photodeflection method of isotope separation relies on momentum transfer from a directed monochromatic light source to the one isotopic component of an atomic beam which is to be separated from other isotopic components of the beam El, 2]. When an atom absorbs a photon of energy hv it acquires a momentum hv/c in the direction of the photon propagation. If the atom decays spontaneously, it will give up momentum hv/c to the departing photon in the direction of its propagation. Since an atom is as likely to spontaneously radiate in one direction as it is to radiate in any other direction, the average momentum transfer from N * Work performed under the auspices of the U.S. Energy Research & Development Administration. ** Also Fannie & John Hertz Foundation Fellow at the Department of Applied Science, University of California at Davis-Livermore. emission events is zero (with a scatter about this value of hv/c~) whereas, contributions from the absorption process with a directed light source sum. The isotopic selectivity of the photodeflection isotope separation process derives from the fact that different isotopes absorb light at slightly different frequencies. Thus a given electronic transition will occur in one isotope at a given frequency and at a slightly different frequency in another. The difference in absorption frequency peaks is designated the isotope shift for the given pair of isotopes considered. The isotope shift is usually large compared to the natural linewidth of the transition. If isotope shifts were much smaller than the natural linewidth, the isotopes could not be distinguished optically except under special circumstances [3] and would not be separable by photodeflection. In atoms, radiative lifetimes on optical and UV transitions are generally greater than 3 x 10 9 sec so that natural linewidths are less than 5 x 107 Hz. Isotope shifts are almost always much larger. For light elements the isotope shift is the result of the fact that the reduced masses of the isotopes are different [4] . For a hydrogen-like atom e 4 E. = -#,, 2h2n 2 , where #, is the reduced mass of isotope a. Since / \ #~rn~(1-m~), where m~ is the electron mass and \ M~ is the nuclear mass, the energy level is displaced toward the continuum for finite nuclear mass. The displacement is larger for the lighter isotope. The difference in transition energy for two isotopes is
From these considerations it is seen that the magnitude of the shift in a hydrogen-like atom is given by
where A is the atomic weight, so that zlv~5• 2. This so called "normal mass effect" is characterized by the fact that the lighter isotope transition is less energetic than the heavy isotope transition (#b> #~v b >v~) and that the magnitude of the energy difference is inversely proportional to the square of the atomic weight. For atoms which have more than one electron outside of a closed shell, the mass dependent isotope shift can become more complicated. Consider, for example, an atom with two electrons. The kinetic energy of the system is P~ 2M + ~ (P~ + P~)'
where M and P~ are the mass and momentum of the nucleus. P1 and P2 are the momenta of the two electrons. In the center of mass system, the total momentum is zero so that P,= (PIA-P2) and 2 2 -P, =PI+P~+2PI"P2.
The kinetic energy can then be expressed as
(p2+p2)+ 1
The first term gives rise to the "normal mass effect" discussed above while the second term is new. It gives rise to what is referred to as the "specific mass effect". The property of the specific mass effect which is most apparent is that it can have either sign. For P1 parallel to P2 (on the average) it is positive. For opposed motions (on the average) the term has a negative sign. A quantum mechanical treatment of the problem [5] shows that the positive sign applies to singlet terms and the negative sign to triplet terms. Another quantum mechanical result is that the specific mass effect is nonzero only for electron pairs with azimuthal quantum numbers l differing by one. The fractional shift in an energy level is again on the order of the electronproton mass ratio and the isotope shift is also inversely proportional to the square of the atomic weight. The A -2 dependence makes mass effects small in heavy element isotope shifts (A>140) [6] . Experimental values of isotope shifts in the resonance lines of alkalilike spectra are compared with natural linewidth in Table 1 . The increasing shift and change of sign in the heavier elements is due to volume effects to be discussed below. For heavy atoms, the dominant effect in the isotope shift is the change in nuclear charge distribution, in particular, the volume of charge in the nucleus on addition of a neutron to that nucleus. This effect is important only when the optical transition involves an s electron, since only an s electron has a non-negligible wavefunction at the nucleus. (An s electron can also cause an isotope shift even if it does not itself change energy levels. It does so through a change in its electrostatic shielding of another electron which absorbs or emits.) Inside the nucleus an s electron no longer sees a r-~ potential. If one assumes a uniform charge distribution inside a spherical nucleus, 4,= (Ze/ro)(-3/2+O.5ra/r2), where r o is the nuclear radius. The potentials for two isotopes, differing by ~r o
